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W: 0.05 to 1.40%, Cu: 1.00 to 2.50%, and B: 0.0003 to
0.0030%, 1n which the above-mentioned components are
contained satistying the formula (1) below, and the balance

1s composed of Fe and mnevitable impurities. At least one of

N, Al, V, Mg, Sn, Co, Zr, Hf, and Ta may be added 1n a

predetermined content range.

3=(5xMo)/(3xMn)=20
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1
FERRITIC STAINLESS STEEL SHEET

TECHNICAL FIELD

The present invention relates to a ferritic stainless steel
sheet which 1s particularly used for exhaust system members
or the like that need oxidation resistance.

BACKGROUND ART

Since an exhaust system member such as an exhaust
manifold for automobiles allows a high temperature exhaust
gas which 1s emitted from an engine to pass, a material
which constitutes the exhaust member needs a variety of
characteristics such as high temperature strength, oxidation
resistance, and thermal fatigue characteristics, and thus a
ferritic stainless steel having an excellent heat resistance 1s
employed for the material.

The exhaust gas temperature varies depending on the

vehicle type, and, 1n recent years, 1s approximately 800 to
900° C. 1 many cases. The temperature of an exhaust
manifold which allows a high temperature exhaust gas
emitted from an engine to pass 1s as high as 750 to 850° C.
With the emergence of environmental problems in recent
years, further progression in strengthening exhaust gas regu-
lations and improvement of fuel efficiency 1s proceeding. As
the result, the exhaust gas temperature 1s believed to be
clevated to about 1000° C.

Examples of a fernitic stainless steel which 1s used in
recent years include SUS429 (JIS standard, Nb—Si1-added
steel) and SUS444 (JIS standard, Nb—Mo-added steel),
which improve high temperature strength and oxidation
resistance by addition of Nb as a principle element, S1, and
Mo. However, SUS444 does not have suilicient high tem-
perature strength and oxidation resistance for the tempera-
ture of an exhaust gas higher than 850° C. For this reason,
a ferritic stainless steel having a temperature strength and
oxidation resistance of SUS444 or higher 1s demanded.
Herein, “oxidation resistance™ 1s evaluated by increased
amount of oxidation and the amount of spalled scale 1n a
continuous oxidation test in the air, and 1t 1s assumed to be
excellent when both the increased amount of oxidation and
the amount of spalled scale are small. Since automobiles are
used for a long period of time, oxidation resistance in cases
in which a ferritic stainless steel 1s maintained at 1000° C.
for 200 hours 1s needed.

For such a demand, a variety of materials for a exhaust
system member have been developed. For example, Patent
Documents 1 to 4 disclose a technique in which Cu—Mo—
Nb—Mn—=S1 are added in combination. To the steel dis-
closed 1n Patent Document 1, Cu—Mo are added for the
purpose ol improving high temperature strength and tough-
ness, and Mn 1s added for the purpose of improving scaling,
resistance. However, increased amount of oxidation 1s not
clearly described, the conditions of a continuous oxidation
test are 1000° C.x100 hours, and scale spalling ability 1n a
case of exceeding 100 hours 1s not examined. Patent Docu-
ment 2 discloses mutual adjustment of elements to be added
for improving oxidation resistance of Cu-added steel. How-
ever, the temperature of the continuous oxidation test 1s not
higher than 930° C., and a test at 1000° C. 1s not actually
conducted. Patent Document 3 discloses a method in which
repeated oxidation characteristics of steel 1s dramatically
improved by optimizing the contents of S1 and Mn. How-
ever, the total heat treatment time 1n the repeated oxidation
test at the highest temperature 1s about 133 hours, and
examination of oxidation resistance in a longer period of
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2

time has not been carried out. Although Patent Document 4
discloses a technique that high temperature strength and
oxidation resistance are improved by adjusting the amounts
of Mo and W, only the increased amount of oxidation 1is
cvaluated and the amount of spalled scale 1s not evaluated.

The present mventors disclose 1 Patent Document 5 a
technique that Laves phase and e-Cu phase are finely
dispersed by adding Nb—Mo—Cu—T1—B 1n combination
to obtain high temperature strength at 850° C. The present
inventors also disclose 1n Patent Document 6 a technique 1n
which precipitation and coarsening ol Laves phase are
inhibited by making a carbonitride having Nb as a main
phase fine in a Nb—Mo—Cu—T1—B steel to obtain an
excellent heat resistance at 950° C.

PRIOR ART DOCUMENTS

Patent Document

Patent Document 1 Japanese Patent No. 2696584

Patent Document 2 Japanese Laid-open Patent Publica-
tion No. 2009-2355535

Patent Document 3 Japanese Laid-open Patent Publica-
tion No. 2010-156039

Patent Document 4 Japanese Laid-open Patent Publica-
tion No. 2009-1834

Patent Document 5 Japanese Laid-open Patent Publica-
tion No. 2009-215648

Patent Document 6 Japanese Laid-open Patent Publica-
tion No. 2011-190468

SUMMARY OF INVENTION

Problems to be Solved by Invention

It has been found that even when the technmiques disclosed
in Patent Documents 5 and 6 are used, there are some cases
in which oxidation resistance and scale spalling ability are
not stably exhibited at a long period of time 1n a temperature
of around 1000° C.

An object of the present invention 1s to provide ferritic
stainless steel having a higher oxidation resistance than a
conventional art particularly 1n an environment in which the
highest temperature of an exhaust gas 1s around 1000° C.

The following description 1s not mntended to limit the
invention.

Means for Solving the Problem

In order to solve the above-mentioned problem, the pres-
ent mventors intensively studied to find that, 1n a S1—Mn—
Nb—Mo—W —Cu-added steel, in cases 1n which the
amount of Mo to be added 1s 1.80% or higher, when the
amount of Mn to be added 1s increased and further, the
balance between Mo and Mn 1s controlled such that the
following formula (1):

3=(5xMo)/(3xMn)=20 (1)

1s satisfied, the increased amount of oxidation and the
amount of spalled scale during a long time use at 1000° C.
are small and the long term stability of an oxide film 1s
excellent. It 1s also found that when T1 1s contained the scale
spalling ability 1s deteriorated.

The present inventors smelted Si—Mn—Nb—Mo—W—
Cu-added steels of many types of compositions to produce
sheet materials and test pieces were cut out, and the
increased amount of oxidation and the amount of spalled
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scale during a long time use at 1000° C. were evaluated. As
the result of the evaluation, 1t has been found that Si—Mn—
Nb—Mo—W-—Cu-added steels having two or three types
ol compositions have an excellent long term stability of an
oxide film. From the above steels, a steel having the most
excellent long term stability of an oxide film 1s selected, and
the relationship between the increased amount of oxidation
and the amount of spalled scale during a long time use at
1000° C. and the chemical composition has been clarified.

In other words, as a Si—Mn—Nb—Mo—W-—Cu-added
steel which 1s a steel having an excellent long term stability
of the above-mentioned oxide film, a 0.005 to 0.008%
C-0.009 to 0.013% N-16.9 to 17.5% Cr-0.13 to 0.19%
S1-0.03 to 1.18% Mn-0.49 to 0.55% Nb-2.14 to 2.94%
Mo-0.67 to 0.80% W-1.40 to 1.55% Cu-0.0003 to 0.0006B
steel was employed. FIG. 1 1llustrates an examination result
of the amount of spalled scale when a continuous oxidation
test 1n the air 1s performed at 1000° C. for 200 hours. In a
steel type whose amount of Mn added was 0.20% or larger,
it has been found that when the amount of spalled scale
becomes small to be 0.30% or higher, the amount of spalled
scale 1s substantially 0. FIG. 2 illustrates a relationship when
the above-mentioned result 1s applied to the Mo/Mn ratio
(middle term of formula (1), (5xMo)/(3xMn)). It has been
found that when the Mo/Mn ratio 1s 20 or smaller, the
amount of spalled scale is 1.0 mg/cm® or smaller and an
excellent scale spalling ability can be obtained. The reason
why the long term stability of an oxide film 1s excellent
when Mn 1s added 1s that the component composition of the
steel of the invention has an excellent Mn-containing oxide
film-forming ability. Since the steel 1s exposed to a high
temperature for a long time, (Mn, Cr),0O,, which 1s generated
on the outermost layer as an oxide film 1s generated to form
a thick scale. As the result, 1t 1s assumed that generation and
sublimation of MoO, which easily sublimes are inhibited,
and scale defect 1s hardly to occur, and a scale 1s hardly to
be spalled. In order to confirm the existence of the Mn-
containing oxide film, a cross section after a heat treatment
1s subjected to elemental mapping by EPMA, and the
existence can be judged by whether Mn 1s concentrated at
the outermost layer or not.

In the present invention, 1t 1s confirmed that, when a heat
treatment 1s performed in a condition of 900 to 1000°
C.x100 to 200 hours, (Mn, Cr);O, 1s generated on the
outermost layer of the oxide film. A heat treatment condition
in which the progression of oxidation 1s considerable and an
influence of abnormal oxidation 1s excluded was set to a heat
treatment ol evaluation criteria.

Further, 1t has been found that, when the amount of W 1s
controlled such that the formula (2):

2.28<(5xMo+2.5W )/ (4xMn)<8.0 (2)

1s satisfied, the increased amount of oxidation and the
amount of spalled scale during a long time use at 1000° C.
are small and the oxide film has an excellent long term
stability, 1n other words, the influence of W on the scaling
resistance 1s 2 of the amount of Mo added.

Further, FIG. 3 1illustrates the result of a continuous
oxidation test i the air of steel selected as the above-
mentioned oxide film having an excellent long term stability.
In other words, FIG. 3 illustrates a relationship in which the
amount of spalled scale 1n cases 1 which a continuous
oxidation test m the air at 1000° C. for 200 hours 1is
performed by using a 0.005 to 0.007% C-0.0010 to 0.012%
N-174 to 17.8% Cr-0.13 to 0.15% S1-0.03 to 1.18%
Mn-0.49 to 0.56% Nb-1.81 to 2.15% Mo-0.35 to 0.70%
W-1.40 to 1.53% Cu-0.0004 to 0.0003B steel 1s applied to
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4

the Mo.W/Mn ratio (middle term of the formula (2), ((5x
Mo+2.5W)/(4xMn)). In FIG. 3, * (filled circle) represents
that the formula (1) 1s satisfied, and O (open circle) repre-
sents that the formula (1) 1s not satisfied. It has been found
that, when the middle term of the formula (2) 1s 8.0 or
smaller 1n data 1n which formula (1) 1s satisfied, a scale 1s
hardly spalled. This 1s because, in a similar manner to Mo,
generation and the above-mentioned sublimation of WO,
which easily sublimes are inhibited by a scale containming
(Mn, Cr);,0.. For this reason, 1t 1s assumed that a scale defect
1s hardly to be generated, and a scale 1s hardly to be spalled.
A summary of the invention 1s as follows.
(1) A Mn-containing ferritic stainless steel sheet containing,
in terms of mass %o:

C: 0.001 to 0.020%,

N: 0.001 to 0.020%,

S1: 0.10 to 0.40%,

Mn: 0.20 to 1.00%,

Cr: 16.0 to 20.0%,

Nb: 0.30 to 0.80%,

Mo: 1.80 to 2.40%,

W: 0.05 to 1.40%,

Cu: 1.00 to 2.50%, and

B: 0.0003 to 0.0030%, in which the above-mentioned
components are contained satisiying the formula (1) below:

5=2(5xMo)/(3xMn)=20 (1),

and the balance 1s composed of Fe and inevitable impurnities,

wherein Mo and Mn 1n the formula (1) each mean the

content (mass %) thereof.

(2) The Mn-containing ferritic stainless steel sheet according
to (1), wherein the above-mentioned components are
contained satisfying the formula (2) below:

2.28=(5xMo+2.5xW)/(4xMn)=8.0 (2),

wherein Mo, Mn, and W in the formula (2) each mean the

content (mass %) thereof.

(3) The Mn-containing ferritic stainless steel sheet according
to (1) or (2), containing a component selected from at
least one group of
a first group containing one or two or more of
Ni: 0.10 to 1.0%,

Al: 0.01 to 1.0%, and

V: 0.01 to 0.50%;

a second group containing
Mg: 0.00010 to 0.0100%;

a third group containing one or two of

Sn: 0.01 to 0.50% and

Co: 0.01 to 1.50%; and

a fourth group containing one or two or more of
Zr: 0.01 to 1.0%,

Hf: 0.01 to 1.0%, and

Ta: 0.01 to 2.0%.

(4) The Mn-containing ferritic stainless steel sheet having
Mn-containing oxide film-forming ability and scale spal-
ling ability according to any one of (1) to (3), wherein
(Mn, Cr),O, 1s generated on the outermost layer of an
oxide film when a heat treatment 1s performed 1 a
condition of 900 to 1000° C.x100 to 200 hours.

(5) The Mn-containing ferritic stainless steel sheet according,
to (1) to (4), wherein the amount of spalled scale in cases
in which the ferritic stainless steel sheet according to (1)
to (3) 1s subjected to a continuous oxidation test in the air

at 1000° C. for 200 hours is 1.0 mg/cm” or smaller.




US 9,885,099 B2

S

Those without a lower limit include the level of 1nevitable
impurities.

Fftect of the Invention

According to the mvention, high temperature character-
i1stics better than SUS444 are obtained, in other words,

territic stainless steel having better oxidation resistance at
1000° C. than SUS444 can be provided. By applying the
invention particularly to an exhaust system member of an
automobile or the like, the exhaust system member can deal
with an exhaust gas with a high temperature around 1000°

C.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1llustrates a result representing the amount of Mn
added and the amount of spalled scale.

FIG. 2 illustrates a result representing an intluence of the
middle term of the formula (1) on the amount of spalled
scale.

FIG. 3 1llustrates a result representing an influence of the
middle term of the formula (2) on the amount of spalled
scale.

DESCRIPTION OF EMBODIMENTS

In the following, the present invention 1s described in
detail. First, the reason for restricting the components of the
invention 1s explained 1n detail. Hereinalter, % means mass
% unless otherwise restricted

C deteriorates formability and corrosion resistance, and
accelerates precipitation of Nb carbonitride to cause
decrease 1 high temperature strength. The smaller the
content the better. From the above-mentioned reason, pret-
erably, the upper limit of the content 1s 0.020%, suitably
0.015%, and more suitably 0.012%.

Note that, since an excessive decrease 1n the content leads to
an increase in refining cost, preferably the lower limit 1s
0.001%, suitably 0.002%, and more suitably 0.003%.

N, 1n a similar manner to C, deteriorates formability and
corrosion resistance, and accelerates precipitation of Nb
carbonitride to cause decrease 1n high temperature strength.
The smaller the content, the better, and therefore, the content
was set to 0.020% or smaller. From the above-mentioned
reason, the upper limit was suitably 0.015%, and further
suitably 0.012%. Note that, since an excessive decrease 1n
the content leads to an 1ncrease 1n refining cost, preferably
the lower limit 1s 0.001%, suitably 0.003%, and more
suitably 0.005%.

S1 1s a very important element for improving oxidation
resistance. S1 1s an element which 1s also useful as a
deoxidizer. When the amount of S1 added 1s smaller than
0.10%, abnormal oxidation tends to occur; when the amount
of S1 added 1s larger than 0.40%, scale spalling tends to
occur; and therefore, the amount was set to 0.10 to 0.40%.
From the above-mentioned reason, preferably the upper
limit 1s suitably 0.30%, and further suitably 0.25%. How-
ever, 1n consideration of high temperature strength, assum-
ing that Si1 accelerates precipitation of an intermetallic
compound containing Fe, Nb, Mo, and W as principal
clements which 1s called a Laves phase at a high tempera-
ture, and reduces the amount of solid solution Nb, Mo, W to
reduce the high temperature strength, preferably the lower
limit 1s 0.10%, suitably 0.12%, and turther suitably 0.15%.

Mn 1s a very important element which forms (Mn, Cr),O,
on a surface layer portion during a long time use and
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contributes to scale adhesion or inhibition of abnormal
oxidation. The effect 1s exhibited when the content thereof 1s
0.20% or higher. On the other hand, excessive addition of
Mn higher than 1.00% deteriorates processability at normal
temperature. From the above-mentioned reason, preferably,
the upper limit 1s suitably 0.87%, and further suitably
0.60%. Preferably, the lower limit 1s 0.20%, suitably 0.25%,
and further suitably 0.30%.

Cr 1s an element which 1s a needed element for securing
oxidation resistance in the invention. In the invention, since
a sullicient oxidation resistance at 1000° C. 1s obtained when
the content of Cr 1s 16.0% or higher, the lower limit 1s set
to 16.0%. From the above-mentioned reason, the lower limait
1s suitably 16.5%, and further suitably 17.0%. On the other
hand, since deterioration of processability and deterioration
ol toughness are caused when the content of Cr 1s higher
than 20.0%, preferably the upper limit 1s 20.0%, suitably
19.5%, and further suitably 19.0%.

Nb 1s an element which 1s needed for improving high
temperature strength by strengthening precipitation by solid
solution strengthening and fine precipitation. Nb also has a
role to fix C or N as carbonitride and to contribute to
development of the corrosion resistance or the recrystalli-
zation texture having an intluence on an r-value of a product
sheet. In a Si—Mn—Nb—Mo—W-—Cu-added steel of the
invention, an increase of solid solution Nb and precipitation
strengthening are obtained by addition of Nb 0.30% or
higher. From the above-mentioned reason, preferably the
lower limit 1s 0.30%, suitably 0.35%, and further suitably
0.40%. Excessive addition of Nb higher than 0.80% accel-
crates coarsening of a Laves phase, does not contribute to
high temperature strength, and increases the cost. From the
above-mentioned reason and manufacturability and the cost,
preferably the upper limit 1s 0.80%, suitably 0.75%, and
more suitably 0.70%.

Mo 1mproves corrosion resistance, mnhibits high tempera-
ture oxidation, and 1s eflective for precipitation strengthen-
ing by fine precipitation of a fine precipitation and improve-
ment of high temperature strength by solid solution
strengthening. However, excessive addition of Mo acceler-
ates scale spalling during a long time use, accelerates coarse
precipitation, reduces a precipitation strengthening ability,
and deteriorates the processability. In the invention, 1n the
case of the above-mentioned Si—Mn—Nb—Mo—W—Cu-
added steel, inhibition of high temperature oxidation at
1000° C., an increase of solid solution Mo, and precipitation
strengthening are obtained by adding No 1.80% or higher.
From the above-mentioned reason, preferably the lower
limit 1s 1.80%, suitably 1.82%, and more suitably 1.86%.

However, excessive addition of Mo higher than 2.40%
accelerates scale spalling, does not contribute to oxidation
resistance, and causes increase in cost. From the above-
mentioned reason, preferably the upper limit 1s 2.40%,
suitably 2.35%, and more suitably 2.30%. In consideration
ol acceleration of coarsening of a Laves phase, no contri-
bution to high temperature strength, and increase in cost, Mo
1s desirably 1.90 to 2.30%.

W has a stmilar eflect to Mo, and 1s an element which
improves high temperature strength. In a Si—Mn
Mo—W —Cu-added steel of the invention, an eflect 1s
obtained by addition of W 0.05% or higher. From the
above-mentioned reason, preferably the lower limit 1s
0.053%, suitably 0.08%, and more suitably 0.10%. Note that,
when W 1s added excessively, W 1s solutionized 1n a Laves
phase, makes a precipitation coarse, and deteriorates manu-
facturability and processability. From the above-mentioned
reason, preferably the upper limit 1s 1.40%, suitably 1.35%,
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and more suitably 1.30%. In consideration that W, 1 a
similar manner to Mo, generates an oxide having a high
sublimability and makes scale spalling easy, W 1s desirably
0.10 to 1.30%.

Cu 1s an element which 1s effective for improving high
temperature strength. This 1s due to precipitation hardening,
cllect by precipitation of e-Cu, and the eflect 1s considerably
exhibited by addition 1.00% or higher. From the above-
mentioned reason, preferably the lower limit 1s 1.00%,
suitably 1.03%, and more suitably 1.05%.

On the other hand, excessive addition thereof causes
deterioration of uniform stretching or an increase 1n a
normal temperature proof stress, which generates a problem
on the press formability. When Cu 1s added 2.50% or higher,
an austenite phase 1s formed 1n a high temperature region
and abnormal oxidation 1s created on the surface. From the
above-mentioned reason, preferably the upper limit 1is
2.50%, suitably 2.40%, and more suitably 2.20%. In con-
sideration also of manufacturability or scale adhesion, Cu 1s
desirably 1.05 to 2.20%.

B 1s an element which improves secondary processability
during press working of a product, and the effect of B 1s
exhibited when 0.0003% or higher of B 1s added. From the
above-mentioned reason, preferably the lower limit 1is
0.0003%, suitably 0.00035%, and more suitably 0.00040%.

Note that excessive B addition causes hardening and dete-
riorates 1intergranular corrosion. In consideration of the
above-mentioned reason and formability or manufacturing
cost, preferably the upper limit 1s 0.0030%, suitably
0.0025%, and more suitably 0.0029%. In consideration of
formability or manufacturing cost, desirably, B: 0.0004 to
0.0020%.

By excessive addition of Mo, MoO; having a high sub-
limability 1s generated, which 1s a cause of scale spalling.
Accordingly, 1t has been found that, in order to remove an
adverse eflect of Mo, preferably the balance with Mn which
has an effect of controlling MoQO, 1s 1n an appropriate range:
3=(5xMo)/ (3xMn)=<20 ...(1) (FIG. 2). As illustrated 1n FIG.

2, 1 order to improve oxidation resistance 1 a component
system of the invention, preferably the Mo/Mn ratio 1s 20 or

lower. When this condition 1s satisfied, the scale spalling
ability can be set to a target value, 1in other words, the
amount of spalled scale 1n a continuous oxidation test 1n the
air at 1000° C.x200 hours can be set to 1.0 g/cm” or lower.
In this case, when a steel of the invention 1s used as an
exhaust system material ol an automobile, decrease 1n the
thickness of the steel 1s reduced, and therefore the steel is
usable. The upper limit and the lower limit of the Mo/Mn
rat1o 1s determined based on the component ranges of Mo
and Mn. However, 1n order to ensure the eflect, preferably
the upper limit of the Mo/Mn ratio 1s suitably 15 or lower,
and more suitably 10 or lower. By this, the amount of spalled
scale in the above-mentioned test can be set to 1.0 g/cm” or
lower.

From the viewpoint of securing high temperature strength
and processability, preterably the lower limit of the Mo/Mn
ratio 1s 3, suitably 4, and more suitably 5. In order for scale
spalling not to occur, preferably the Mo/Mn ratio 1s 1n a
range of 3 to 10.

Further, 1n order to prevent an adverse eflect of W, 1t has
been found that, by making the balance between the ele-
ments 1 an appropriate range satistying 2.28=(5xMo+
2.5W)/(4xMn)=8.0 . . . (2), 1t 1s possible for scale spalling
substantially not to occur (FIG. 3). From the above-men-
tioned reason, the upper limit i1s suitably 7.5, and more
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suitably 7.0. The lower limit can be determined by the
component range of Mo, W, and Mn, and suitably 2.5, and
more suitably 3.0.

In order to further improve a variety of characteristics
such as high temperature strength, the following elements
may be added.

N1 1s an element which improves corrosion resistance, and
when Ni 1s added excessively, an austenite phase 1s formed
in a high temperature range and abnormal oxidation and
scale spalling are generated. From the above-mentioned
reason, preferably the upper limit 1s 1.0%, suitably 0.8%,
and more suitably 0.6%. The eflect 1s stably exhibited from
Ni1: 0.1%, and suitably the lower limit 1s 0.15%, and more
suitably 0.20%. In consideration also of the manufacturing
cost, the N1 content 1s desirably 0.2 to 0.6%.

Al 1s an element which 1s added as a deoxidation element,
as well as improves oxidation resistance. Al 1s also usetul for
improving strength as a solid solution strengthening ele-
ment. The effect 1s stably exhibited from 0.10%, and exces-
stve addition of Al brings about hardening, considerably
deteriorates uniform stretching, and considerably reduces

toughness. From the above-mentioned reason, preferably the
upper limit 1s 1.0%, sutably 0.60%, and more suitably
0.30%. When Al 1s added for the purpose of deoxidation,
less than 0.10% of Al remains 1n the steel as an inevitable
impurity. In consideration of occurrence of surface flaw,
weldability, and manufacturability, preferably the lower
limit 1s 0.01%, suitably 0.03%, and more suitably 0.10%.

V forms fine carbonitride together with Nb, and a pre-
cipitation strengtheming eflect 1s produced, thereby contrib-
uting to improvement of high temperature strength. How-
ever, when V 1s added more than 0.50%, Nb and V
carbonitride 1s made coarse, whereby high temperature
strength 1s decreased and processability 1s decreased. From
the above-mentioned reason, preferably the upper limit 1s
0.50%, suitably 0.30%, and more suitably 0.20%. In con-
sideration of manufacturing cost or oxidation resistance,
preferably the lower limit 1s 0.01%, suitably 0.03%, and
more suitably 0.05%.

Mg 1s an element which improves secondary processabil-
ity. However, when Mg 1s added more than 0.0100%,
processability 1s considerably deteriorated. From the above-
mentioned reason, preferably the upper limit 1s 0.0100%,
suitably 0.0050%, and more suitably 0.0010%. Further, in
consideration of cost or surface quality, desirably the lower
limit 1s 0.0001%, suitably 0.0003%, and more suitably
0.0004%.

Since Sn has a large atomic radius, Sn 1s an eflective
clement which also contributes to high temperature strength
by solid solution strengthening. Further, Sn does not largely
deteriorate mechanical characteristics at normal tempera-
ture. However, when Sn 1s added more than 0.50%, manu-
facturability and processability are considerably deterio-
rated. From the above-mentioned reason, preferably the
upper limit 1s 0.50%, suitably 0.30%, and more suitably
0.20%. Further, 1n consideration ol oxidation resistance or
the like, preferably the lower limait 1s 0.05%, suitably 0.03%,
and more suitably 0.01%.

Co 1s an eclement which improves high temperature
strength. However, when Co 1s added more than 1.50%,
manufacturability and processability are considerably dete-
riorated. From the above-mentioned reason, preferably the
upper limit 1s 1.50%, suitably 1.00%, and more suitably
0.50%. Further, in consideration of cost, preferably the
lower limit 1s 0.01%, suitably 0.03%, and more suitably

0.05%
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Zr 1s an element which improves oxidation resistance.
However, when Zr 1s added more than 1.0%, a coarse Laves
phase 1s precipitated, and manufacturability and process-
ability are considerably deteriorated. From the above-men-
tioned reason, preferably the upper limit 1s 1.0%, suitably
0.80%, and more suitably 0.50%. Further, in consideration
of cost or surface quality, preferably the lower limit is
0.01%, suitably 0.03%, and more suitably 0.05%.

Hf, in a similar manner to Zr, 1s an element which
improves oxidation resistance. However, when Hif 1s added
more than 1.0%, a coarse Laves phase 1s precipitated, and
manufacturability and processability are considerably dete-
riorated. From the above-mentioned reason, preferably the
upper limit 1s 1.0%, suitably 0.80%, and more suitably
0.50%. Further, in consideration of cost or surface quality,
the lower limit 1s 0.01%, suitably 0.03%, and more suitably
0.05%.

Ta, 1n a similar manner to Zr and Hf, 1s an element which
improves oxidation resistance. However, when Ta 1s added
more than 2.0%, a coarse Laves phase 1s precipitated, and
manufacturability and processability are considerably dete-
riorated. From the above-mentioned reason, preferably the
upper limit 1s 2.0%, suitably 1.50%, and more suitably
1.00%. Further, 1n consideration of cost or surface quality,
preferably the lower limit 1s 0.01%, suitably 0.03%, and
more suitably 0.05%.

A ferritic stainless steel sheet of the invention 1s charac-
terized i1n that, when subjected to a heat treatment in
conditions of a temperature 1n the range of 900 to 1000° C.
and 100 hours or longer, the sheet generates (Mn, Cr);0O, on
the outermost layer of an oxide film. In other words, this can
confirm the existence of Mn-containing oxide film-forming
ability. In addition, the ferritic stainless steel sheet of the
invention 1s characterized 1n that the amount of spalled scale
when a continuous oxidation test 1n the air 1s performed at
1000° C. for 200 (+10/-10) hours is 1.0 mg/cm” or smaller.
In other words, this can confirm that the sheet has excellent
scale spalling ability.

For a manufacturing method of a steel sheet of the
invention, a general manufacturing method of ferritic stain-

less steel can be applied. For example, ferntic stainless steel
having a composition range of the imvention 1s dissolved to
manufacture a slab which 1s heated at 1000 to 1200° C., and
then 1s subjected to hot rolling (hot rolling) in the range of
1100 to 700° C. to manufacture a hot rolled sheet having a
sheet thickness of 4 to 6 mm. Thereaiter, aifter annealing at
800 to 1100° C. pickling 1s performed, the annealed and
pickled sheet 1s subjected to cold rolling (cold rolling) to
make a cold rolled sheet having a sheet thickness of 1.5 to
2.5 mm. And then, after a finishing annealing at 900 to 1100°
C., a steel sheet can be manufactured by a process of
pickling. Note that, when the cooling speed after the final
annealing 1s low, a lot of precipitation such as a Laves phase
1s precipitated, and therefore, high temperature strength may
be decreased and a processability such as ductility at normal
temperature may be deteriorated. For this reason, the aver-
age cooling speed from the final annealing temperature to
600° C. 1s desirably controlled to 5° C.sec or higher.
Preferably, hot rolling conditions of a hot rolled sheet, the
thickness of a hot rolled sheet, existence or absence of
annealing of a hot rolled sheet, cold rolling conditions, the
annealing temperatures of a hot rolled sheet and a cold rolled
sheet, atmosphere, and the like are appropnately selected.
Cold rolling-annealing may be repeated a plurality of times,
or temper rolling or tension leveler may be applied after the
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cold rolling*annealing. Further, the thickness of a product
sheet may also be selected depending on the thickness of a
demanded member.

EXAMPLES

<Sample Producing Method>

Each of steels of component compositions listed on Table
1 and Table 2 was smelted to cast a 50 kg of slab, and the
slab was subjected to hot rolling at 1100 to 700° C. to form
a hot rolled sheet having a sheet thickness of 5 mm.
Thereafter, the hot rolled sheet was annealed at 900 to 1000°
C. and then pickled to be subjected to cold rolling until the
sheet thickness became 2 mm, {followed by
annealing*pickling, thereby forming a product sheet. The
annealing temperature of a cold rolled sheet was controlled
at 1000 to 1200° C., and the cooling speed from the
annealing temperature to 600° C. was controlled at 5° C./sec
or higher. No. 2 to 21, and 23 on Table 1 are Examples of
the present mnvention, and No. 24 to 49 on Table 2 represent
Comparative Examples. In Table 2, values outside the range
of the invention are underlined. In Tables 1 and 2, *“-” means
“not positively added” which 1s an inevitable impurities-
level. Values 1n which the middle term of the formula (2) 1s
outside a preferred range are in bold.
<Oxidation Resistance Testing Method>

From the thus obtained product sheet, an oxidation test
piece of 20 mmx20 mm and a thickness of the sheet
thickness was made, and the test piece was subjected to a
continuous oxidation test in an atmosphere at 1000° C. for
200 (+10/-10) hours to evaluate the existence or absence of
abnormal oxidation and scale spalling (in accordance with
JIIS 7 2281). When the increased amount of oxidation was
4.0 mg/cm” or smaller, the evaluation was defined B (suit-
able) as not having abnormal oxidation; otherwise, the
evaluation was defined C (not suitable) as having abnormal
oxidation. When the amount of spalled scale was 1.0
mg/cm” or smaller, the evaluation was defined A (excellent);
otherwise, the evaluation was defined C (not suitable) as
having scale spalling.
<Method of Confirming Mn-Containing Oxide Film>

A test piece mn which a cross section of the test piece
subjected to a continuous oxidation test by an oxidation
resistance testing method was mirror polished after the test
piece was embedded 1n a resin was subjected to an elemental
mapping by EPMA, and whether or not Mn was concen-
trated at the outermost layer was confirmed. The outermost
layer portion of a scale was subjected to an eclemental
mapping of Fe, Cr, Mn, S1, and O with a magnification of
x2000, and when Mn was concentrated at 8 mass % or
higher on the outermost layer, the evaluation was defined B
(suitable) as there was a Mn-containing oxide film; other-
wise, the evaluation was defined C (not suitable) as there
was no Mn-containing oxide film.
<High Temperature Tensile Testing Method>

A high temperature tensile test piece with a length of 100
mm whose longitudinal direction was in the rolling direction
was made from a product sheet, and was subjected to a
1000° C. tensile test to measure a 0.2% proof stress (in
accordance with JIS G 0567). Here, when the 0.2% proof
stress at 1000° C. was 11 MPa or larger, the evaluation was
defined B (suitable); when the 0.2% proof stress at 1000° C.
was less than 11 MPa, the evaluation was defined C (not
suitable).




US 9,885,099 B2

11

<Evaluation Method of Processability at Normal Tempera-
ture>

A JIS13B test piece whose longitudinal direction was
parallel to the rolling direction was made 1n accordance with

IIS 7 2201. By using these test pieces, a tensile test was 5

performed to measure breaking elongation (in accordance

12

with JIS Z 2241). Here, when the breaking elongation at
normal temperature 1s 30% or larger, processing on a general
exhaust component 1s possible. Therefore, when the break-
ing elongation was 30% or larger, the evaluation was defined
B (suitable); when the breaking elongation was smaller than
30%, the evaluation was defined C (not suitable).

TABLE 1

Component content (mass %)

No C N S1 Mn Cr Nb Mo W Cu B Ni Al V Mg Sn Co

Example 2 0.006 0011 0.13 031 17.1 056 228 0.72 1.52 0.0005 — — — — — —
of the 3 0.005 0.012 023 022 175 043 198 0.3 1.74 0.0003 — — — — — —
present 4 0.007 0.009 0.12 027 179 055 210 0.65 147 0.0006 — — — — — —
invention 5 0.006 0.010 0.20 049 169 053 203 095 1.51 0.0004 — — — — — —
6 0.005 0.010 0.16 050 173 049 219 0.84 1.68 0.0015 — — — — — —

7 0.005 0.013 0.13 030 17.0 0534 223 0.80 1.55 0.0005 — — — — — —

& 0.005 0.011 0.11 0,52 172 060 190 1.29 1.52 0.0004 — — — — — —

9 0.006 0.010 0.12 052 17.8 0536 220 0.67 156 0.0005 014 — — — — —

10 0.006 0.010 0.14 033 16.6 056 217 0.65 220 0.0023 — 025 — — — —

11 0.006 0.011 0.15 030 17.0 0.69 1.82 1.06 1.05 0.0005 — —  0.10 — — —

12 0.008 0.013 031 047 168 034 217 0.64 1.68 0.0005 — — —  0.0005 — —

13 0.005 0.011 0.18 025 175 048 214 0.68 1.35 0.0009 — — — — 0.08 —

14 0.005 0.010 0.18 032 174 057 227 125 147 0.0007 — — — — —  0.12

15 0.007 0.010 0.12 028 16.2 048 2.00 078 143 0.0004 — — — — — —

16 0.006 0.010 0.11 027 174 053 1.87 0.71 149 0.0004 — — — — — —

17 0.005 0.013 036 046 16.2 045 2.06 0.62 1.24 0.0008 — — — — — —

18 0.005 0.012 0.14 039 175 054 1.81 070 153 0.0005 — — — — — —

19 0.005 0.008 0.11 051 183 055 1.86 1.30 1.55 0.0005 — — — — — —

20 0.006 0.010 0.15 035 175 055 201 035 149 0.0005 — — — — — —

21 0.006 0.010 0.14 0.25 17.8 056 213 0.68 149 0.0005 — — — — — —

23 0.006 0.010 0.14 020 182 049 240 140 145 0.0005 — — — — — —

Abnormal  Amount of  Existence of
oxidation spalled Mn-containing
after scale after oxide film
Component Mc/Mn W - Mo/Mn  continuous  continuous after continuous  0.2% Breaking
content ratio ratio oxidation test oxidation test oxidation test proof elongation
(mass %) formula formula at 1000° C. at 1000° C. at 1000° C. for stress at at normal

No Lr Hf Ta (1) (2) for 200 hr for 200 hr 200 hr 1000° C. temperature
Example 2 — — 12.3 10.6 B B B B B
of the 3 — — 15.0 13.6 B B B B B
present 4 - - - 13.0 11.2 B B B B B
invention 5 — — — 6.9 6.4 B A B B B
6 — — — 7.3 6.5 B A B B B
7 — — — 12.4 11.0 B 8 B B B
8 — — — 6.1 6.1 B A B B B
9 — — — 7.1 6.1 B A B B B
10 — — — 11.0 9.5 B B B B B
11 — — — 10.1 9.8 B B B B B
12 — — — 7.1 6.6 B A B B B
13 — — — 14.3 12.4 B B B B B
14 — — 11.8 11.3 B B B B B
15 036 — 11.9 10.7 B B B B B
16 — 0.27 — 11.5 10.3 B B B B B
17 — —  0.45 7.5 6.4 B A B B B
18 — — — 7.7 6.9 B A B B B
19 — — — 6.1 6.2 B A B B B
20 — — — 9.6 7.8 B A B B B
21 — — — 14.2 12.4 B B B B B
23 — — — 20.0 19.4 B B B B B

TABLE 2
Component content (mass %)

No C N S1 Mn Cr Nb Mo W Cu B Ni Al \% Mg Sn Co
Comparative 24 0.026 0.011 0.15 0.22 16,7 043 2.12 052 133 0.0007 — — — — — —
Example 25 0.005 0.028 0.14 035 175 050 233 0.67 135 0.0003 — — — — — —

26 0.005 0.011 005 031 17.1 048 191 0.72 152 0.0004 — — — — — —

27 0.004 0.012 053 035 180 042 220 046 143 0.0004 — — — — — —

28 0.006 0.012 0.14 0.15 174 055 215 0790 147 0.0005 — — — — — —

29 0.006 0.009 0.13 1.18 170 049 215 0.67 140 0.0004 — — — — — —



Comparative
Example

30
31
32
33
34
35
36
37
38
39
40
41
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43
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45
46
47
48
49

No

24
25
26
27
28
29
30
31
32
33
34
35
36
37
3%
39
40
41
42
43

45
46
47
48
49

<Evaluation Result>
As 1s clear from Table 1 and Table 2, in a steel having a
component composition defined by the invention, the
increased amount of oxidation or the amount of spalled scale

at

1000° C.

are small compared with Comparative

Examples, and the Comparative Example 1s excellent. It was
found that, in No. 5, 6, 8,9, 12, 17, 18, and 19 of Examples
of the present invention satisiying the formula (2), all the
evaluation results of the amount of spalled scale were A
(excellent), and the amount of spalled scale was substan-
tially zero compared with other Examples of the present
invention (the evaluation result of the amount of spalled
scale was B (suitable)). When No. 20 and No. 21 of
Examples of the present mvention in which components
her than Mn, Mo, and W are similar are compared to each
ner, 1t 1s found that the scaling resistance amount of No. 20 65
satistying formulae (1) and (2) 1s more excellent than that of
No. 21 only satistying formula (1). Further, it 1s found that,

Ot
Ot
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TABLE 2-continued
0.005 0.008 0.14 031 140 053 216 0.65 145 0.0005
0.005 0.013 0.23 0.60 24.1 047 2.00 0.60 1.71 0.0005
0.004 0.012 0.18 052 17.2 016 224 035 1.80 0.0009
0.004 0.012 0.16 049 173 087 230 0.21 1.13 0.0005
0.005 0.010 0.15 099 175 054 1.74 038 1.68 0.0003
0.004 0.011 0.21 0.23 17.5 0.61 2.8 0.15 1.25 0.0007
0.007 0.010 0.14 0.28 16.8 056 2.14 0.02 1.60 0.0003
0.008 0.010 0.17 0.25 179 055 221 180 1.21 0.0005
0.007 0.012 0.13 0.26 18.0 054 230 0.35 045 0.0005
0.005 0.009 0.12 024 174 0355 210 036 3.21 0.0006
0.006 0.013 0.20 045 17.3 050 2.11 0.60 1.50 0.0050
0.005 0.010 0.16 033 174 051 209 058 1.51 0.0004
0.005 0.010 0.15 045 17.0 0531 203 059 145 0.0004
0.004 0.011 0.15 029 16.8 043 204 034 1.78 0.0004
0.007 0.009 0.12 048 17.3 056 2.11 0.56 1.30 0.0003
0.005 0.013 0.13 0.25 17.2 0534 213 0.28 145 0.0005
0.004 0.017 0.19 034 16.8 052 220 0.58 1.50 0.0006
0.004 0.004 0.12 042 173 042 215 035 138 0.0006
0.005 0.012 0.11 038 17.5 057 195 057 154 0.0004
0.003 0.010 0.14 034 17.2 040 2.00 0.28 147 0.0006
Abnormal Amount of
oxidation spalled
after scale after
Component Mc/Mn W - Mo/Mn  continuous  continuous
content ratio ratio oxidation test oxidation test
(mass %) formula formula at 1000° C. at 1000° C.
Zr Hf Ta (1) (2) for 200 hr for 200 hr
— — — 16.1 13.5 B B
— — — 11.1 9.5 B B
— — — 10.3 9.2 C B
— — — 10.5 8.7 B C
— — — 23.9 20.8 C C
— — — 3.0 2.6 B A
— — — 11.6 10.0 C C
— — — 5.6 4.8 B A
— — — 7.2 5.8 B A
— — — 7.8 6.1 B A
— — — 2.9 2.4 B A
— — — 20.7 15.9 B C
— — — 12.7 9.6 B B
— — — 14.7 15.6 B C
— — — 14.7 11.9 B B
— — — 14.6 11.9 C B
— — — 7.8 6.7 B A
— — — 10.6 9.0 C C
— — — 7.5 6.5 B A
— — — 11.7 9.5 B B
— — — 7.3 6.2 B A
— — — 14.2 11.4 B B
— — — 10.8 9.2 B B
1.02 — — 8.5 6.9 B A
— 1.27  — 8.6 7.4 B A
— —  2.68 9.8 7.9 B A
50
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Existence of
Mmn-containing
oxide film
after continuous
oxidation test

at 1000° C.

for 200 hr
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0.2%
proof
stress at

1000° C.
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Breaking
elongation

at normal

temperature
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regarding the mechanical property at normal temperature, in

the

Examples of the present invention, the fracture ductility

1s favorable and processability which 1s equal to or better

than those of Comparative

1000° C. are lower than those of ]

Hxamples 1s obtained.

Since, 1n No. 24, 25 steels, each of C, N exceeds the upper
limat, the proof stress and ductility at normal temperature at

Hxamples of the present

invention. In No. 24 steel, S1 1s below the lower limit, and
the increased amount of oxidation 1s larger than those of
Examples of the present mvention. In No. 27 steel, Si
exceeds the upper limit, the amount of spalled scale 1s larger
than those of Examples of the present invention, and also the
high temperature proof stress 1s more deteriorated than those
of Examples of the present mmvention. In No. 28 and 30
steels, each of Mn and Cr 1s below the lower limit, and the
increased amount of oxidation and the amount of spalled
scale are larger than those of Examples of the present
invention. In No. 29 steel, Mn 1s excessively added, and
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ductility at normal temperature 1s low. In No. 31 steel, Cr
exceeds the upper limit, and although the amount of spalled
scale 1s small, the ductility at normal temperature 1s low. In
No. 32, 34, 36, and 38 steels, each of Nb, Mo, W, and Cu 1s
below the lower limit, and the proof stress at 1000° C. 1s low.
In No. 33 and 37 steels, each of Nb and W exceeds the upper
limit, and although the increased amount of oxidation and
the amount of spalled scale are small, the ductility at normal
temperature 1s low. Since, 1 No. 35 steel, Mo exceeds the
upper limit, and in addition, the formula (1) 1s not satisfied,
the amount of spalled scale 1s large, and the ductility at
normal temperature 1s low. In No. 39 steel, Cu exceeds the
upper limit, the increased amount of oxidation 1s large, and
the ductility at normal temperature 1s deteriorated. In No. 40
steel, B exceeds the upper limit, and although the increased
amount ol oxidation and the amount of spalled scale are
small, the ductility at normal temperature 1s low. In No. 41
steel, N1 exceeds the upper limit, and the increased amount
of oxidation and the amount of spalled scale are large. In No.
42 10 49, each of Al, V, Mg, Sn, Co, Zr, HI, and Ta exceeds
the upper limit, and although the increased amount of
oxidation and the amount of spalled scale are small, the
ductility at normal temperature 1s low.

INDUSTRIAL APPLICABILITY

Since the ferritic stainless steel of the present mvention
has excellent heat resistance, the steel can be used also as an
exhaust gas channel member of a power plant other than a
processed good of an exhaust system member of an auto-
mobile. Further, since Mo which 1s eflective for improving,
corrosion resistance 1s added, the steel can be used also for
applications which need corrosion resistance.

The 1nvention claimed 1s:

1. A Mn-containing ferritic stainless steel sheet consisting

of, 1n terms of mass %o:
C: 0.001 to 0.020%,

N: 0.001 to 0.020%,
S1: 0.10 to 0.40%,
Mn: 0.20 to 1.00%,
Cr: 16.0 to 20.0%,
Nb: 0.30 to 0.80%,
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Mo: 1.80 to 2.40%,

W: 0.05 to 1.40%,

Cu: 1.00 to 2.50%, and

B: 0.0003 to 0.0030%, satistying formula (1) below,
and a balance 1s composed of Fe and inevitable impurities,

5=(5xMo)/(3xMn)=20 (1),

wherein Mo and Mn 1n the formula (1) each mean the
content (mass %) thereof.

2. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 1, satistying formula (2) below,

2.28=(5xMo+2.5xW)/(4xMn)<&.0 (2),

wherein Mo, Mn, and W in the formula (2) each mean the
content (mass %) thereof.

3. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 2, wherein (Mn, Cr);0, 1s generated on an
outermost layer of an oxide film when a heat treatment 1s
performed 1n a condition of 900 to 1000° C.x100 hours or
longer.

4. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 2, wherein an amount of spalled scale 1n cases
in which the ferritic stainless steel sheet 1s subjected to a
continuous oxidation test 1n air at 1000° C. for 200 hours 1s
1.0 mg/cm” or smaller.

5. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 1, wherein (Mn, Cr);0, 1s generated on an
outermost layer of an oxide film when a heat treatment 1s
performed 1n a condition of 900 to 1000° C.x100 hours or
longer.

6. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 5, wherein an amount of spalled scale 1n cases
in which the ferritic stainless steel sheet 1s subjected to a
continuous oxidation test 1n air at 1000° C. for 200 hours 1s
1.0 mg/cm” or smaller.

7. The Mn-containing ferritic stainless steel sheet accord-
ing to claim 1, wherein an amount of spalled scale 1n cases
in which the ferritic stainless steel sheet 1s subjected to a
continuous oxidation test 1n air at 1000° C. for 200 hours 1s
1.0 mg/cm” or smaller.
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